We developed two ligase-dependent probe amplification assays based on rolling circle amplification (RCA) and the ligase-dependent reaction (LDR) to differentiate species of Exophiala targeting the rDNA internal transcribed spacer region. We focused on Exophiala dermatitidis and E. phaeomuriformis, two opportunistic inhabitants of indoor wet cells, and further detected E. heteromorpha, E. xenobiotica, and E. crusticola; 57 reference isolates representing the five species were tested. Depending on the RCA probes used, the sensitivity was 100%, and the specificity ranged from 3.7% to 88.6% (median: 46.1%). In contrast, the sensitivity and specificity of the LDR probes targeting the same isolates were 88.6-100% (median: 95.8%) and 95.4-100% (median: 97.7%), respectively. We analyzed 198 additional environmental isolates representing the same Exophiala species. Overall, the sensitivity and specificity of LDR ranged from 89.7% to 100% (median: 94.1%) and from 93.9% to 100% (median: 96.9%), respectively. The assessment of performance and validation of LDR probes using SYBR Green quantitative polymerase chain reaction revealed high reproducibility and an acceptable range limit, in line with the guidelines of the European Network of GMO Laboratories. In conclusion, the LDR assay was more reliable and less expensive than RCA for species-level identification of Exophiala isolates.
Introduction
The black yeast genus Exophiala is taxonomically positioned in the family Herpotrichiellaceae, order Chaetothyriales, class Ascomycetes. 1, 2 Phenotypic identification of most Exophiala species is difficult and ambiguous because of their highly polymorphic nature. 2 Currently, the "gold standard" in the molecular diagnostics of Exophiala species is to sequence the internal transcribed (ITS) region of rDNA, 3 which differs sufficiently between species to allow for their differentiation. 1 Nevertheless, the sequencing protocol is too time-consuming and expensive (10$/test) for environmental screening and is not suitable for processing a large number of samples simultaneously.
To overcome these limitations, many alternative methods have been developed, including molecular approaches (e.g., quantitative polymerase chain reaction [qPCR] , 4 restriction fragment length polymorphism [RFLP], 5 amplified fragment length polymorphism [AFLP], 6 and nextgeneration sequencing 7 ) and protein-based approaches (e.g., matrix-assisted laser desorption ionization-time of flight/mass spectrometry [MALDI-TOF/MS] and attenuated total reflectance-Fourier transform infrared spectroscopy [ATR-FTIR]). [8] [9] [10] [11] A recent study revealed that MALDI-TOF/MS can accurately identify a very large range of Exophiala species. 11 Unlike conventional diagnostic PCR or qPCR, ligase-dependent probe amplification methods such as rolling circle amplification (RCA) and ligase-dependent reaction (LDR) enable the identification of species that do not contain an appropriate target sequence that is specifically targetable by conventional primers. [12] [13] [14] [15] Ligase-dependent probe amplification methods generally consist of sequential highly accurate steps of the hybridization and ligation of adjacent probes at their 5 and 3 terminal regions using a thermostable DNA ligase, followed by amplification of the ligated products with universal primers. [16] [17] [18] LDR (40-45 nucleotides) and RCA (85-100 nucleotides) probes are longer than conventional PCR primers, because they incorporate hybridization and universal barcode sequences. 14, [19] [20] [21] The main differences between the RCA and LDR methods are the amplification step and probe design. In 2008, the RCA method was introduced as a rapid and specific tool in medical mycology diagnostics for identification of the genera Candida, Aspergillus, and Scedosporium, 14 and
Trichophyton spp. 15 Subsequently, this technique was applied for the identification of black yeasts and their relatives (the genera Exophiala and Fonsecaea), 13, 22 common agents of eumycetoma, 23 and dimorphic fungi such as Histoplasma capsulatum 24 and Sporothrix schenckii complex. 25 Moreover, the LDR method has been typically used in virus studies such as for the detection of variola and Dengue virus, 16 and many bacteria. 17 However, to the best of our knowledge, LDR has not yet been applied in the field of medical mycology.
The motivation for this study is that thermophilic Exophiala dermatitidis and Exophiala phaeomuriformis are the most common human opportunists of the black yeast genus Exophiala, which both occur in indoor wet cells, 26, 27 but the former species is more pathogenic and a threat to public health. 3 There is also a need for development of a rapid and inexpensive tool for routine screening and identification of human-opportunistic Exophiala spp. 28 In this study, we aimed to compare the performance of the RCA and LDR methods, without relying on DNA sequencing, for the identification and discrimination of the closely related species E. dermatitidis and E. phaeomuriformis. We also compared the performance of these methods for identification of another closely related species (E. heteromorpha) and some more distant relatives (E. xenobiotica and E. crusticola) as controls. In addition, we examined the suitability of these methods for use in routine examinations in a research laboratory setting.
Methods

Isolates
A total of 255 Exophiala isolates were investigated in this study, including isolates of E. dermatitidis (n = 107), E. phaeomuriformis (n = 109), E. heteromorpha (n = 20), E. xenobiotica (n = 5), and E. crusticola (n = 14). Eleven were clinical E. dermatitidis isolates, and the remaining 244 were recovered from railway sleepers (n = 184) and household dishwashers (n = 60) and had been previously identified by conventional ITS sequencing. [29] [30] [31] [32] [33] Strain data are given in Tables S1 and S2 . The strains are maintained in the reference collection of the CBS-KNAW Fungal Biodiversity Centre (housed at Westerdijk Fungal Biodiversity Institute, Utrecht, the Netherlands) and in the Division of Mycology at Ç ukurova University, Adana, Turkey. All isolates were subcultured on 2% malt extract agar (Sigma-Aldrich, St. Louis, MO, USA) and incubated at 28
• C for 2-7 d prior to the study.
DNA extraction and amplification
Genomic DNA was purified using a GeneJET Genomic DNA Purification Kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer's instructions. The yield and purity of DNA samples were determined with a NanoDrop spectrophotometer (NanoQ, CapitalBio, Beijing, China). PCR amplifications were performed following the protocol described by Turin et al. 34 
Probe design
To design the RCA probes, ITS sequences of the five Exophiala species were retrieved from the GenBank database (https://www.ncbi.nlm.nih.gov/) and were aligned using the MAFFT algorithm (http://www.ebi.ac.uk/Tools/msa/ mafft/) to identify informative nucleotide polymorphisms and select optimal probe-binding regions. The padlock probes were designed according to the study of Najafzahed et al. 13 The linker regions of each Exophiala speciesspecific probe were determined as described in Zhou et al.; 14 the E. dermatitidis species-specific probe was determined according to Najafzahed et al. 13 The 5 -and the 3 -binding arms of other Exophiala species-specific probes were newly designed in this study (Table 1) . Padlock probes were ordered from Invitrogen Inc. (Breda, the Netherlands). The LDR probes were designed as two adjacent oligonucleotides (upstream and downstream), each of which comprised a sequence complementary to the target and 20-25-mer zip sequences at the termini, complementary to the designed universal primers. The annealing temperatures of the LDR oligonucleotides were within 60-80
• C, with a maximum 5
• C difference between the upstream and downstream oligonucleotides ( Table 2 ). All LDR oligonucleotides were newly designed in this study. LDR oligonucleotides were ordered from Sentegen Biyoteknoloji (Ankara, Turkey). The downstream LDR oligonucleotides were phosphorylated at the 5 -end using a T4 polynucleotide kinase kit (T4 PNK; Thermo Scientific, Waltham, MA, USA) according to the manufacturer's instructions. The thermodynamic features of the RCA probes and LDR oligonucleotides were assessed using Oligo Analyzer 3.1 35 online software, to ascertain the similarity of their thermodynamic features and to avoid hairpin and self/hetero-dimer formation. EdRCA/EdLDR and ExRCA/ExLDR probes designed for E. dermatitidis and E. xenobiotica, respectively, targeted the same sequences to allow for direct comparison of the two methods. The genetic targets used in primer design are given in Table S3 .
Ligation reaction
A schematic of the main features of the LDR oligonucleotides and the steps of the assay are shown in Figure 1 . The ITS amplicon (100 ng) was mixed with 2 U of Pfu DNA ligase (Epicentre Biotechnologies, Madison, WI, USA), 0.1 μmol of each probe/oligonucleotide in 20 mM Tris-HCl (pH 7.5), and 1 μl of 10 × ligase buffer supplied by the enzyme manufacturer. Ligation reaction samples were heated at 94
• C for 1 min, followed by 10 cycles of 94
• C for 30 s and a 2-min ligation step at the appropriate annealing temperatures (Tables 1 and 2 ).
Exonuclease digestion and RCA reaction
The exonucleolytic cleavage reaction was performed in a 20 μl volume; 10 U each of exonuclease I and III (New England Biolabs, Hitchin, UK) were added to the ligation mixture, followed by incubation at 37
• C for 30 min, and a further incubation at 94
• C for 3 min to inactivate the enzymes. For the RCA reaction, 1 μl of the ligation product was used as a template. The reaction (50 μl) contained 8 U of Bst DNA polymerase (New England Biolabs, Ipswich, MA, USA), 400 μM of dNTP mix, and 10 pmol of each RCA primer, in molecular biology-grade water. Probe signals were amplified by incubating at 65
• C for 30 min.
RCA products were visualized on a 1% agarose gel, with a ladder-like product pattern indicating positive reactions.
LDR amplification
The amplification was performed in a final volume of 25 μl; the reaction contained 1 × PCR buffer, 2.5 μl of MgCl 2 , 1 μl of dNTPs, 0.5 μl of 10 μM of universal LDR primers, 
Performance assays
The sensitivity and selectivity values were calculated according to the methods of Blakely and Salmond. 36 To assess the performance of the LDR oligonucleotides, reference strains of each species were used, that is, E. dermatitidis CBS 132752, E. xenobiotica CBS 137226, E. phaeomuriformis CBS 132756, E. heteromorpha CBS 134042, and E. crusticola CBS 134043. The assessment of LDR oligonucleotide performance was carried out using qPCR, according to an approach previously outlined by Broeders et al. 37 and Libert et al. 38 Different parameters of qPCR were evaluated as the "acceptance and performance parameters," including efficiency, linearity (R 2 ), sensitivity, selectivity, repeatability, reproducibility, limit of detection (LOD), and limit of quantification (LOQ). To calculate the PCR efficiency and linearity, a dilution series (10 −1 to 10 −6 ) of ITS region amplicons was prepared, and each dilution was used in an LDR ligation reaction. Each LDR product was used for standard curve analysis, conducted in duplicate for each dilution point. The linear regression values and the linear regression slopes were obtained using the ViiA TM 7 Software v1.2.1 (Life Technologies, Carlsbad, CA, USA). For the repeatability and reproducibility assays, 10 −2 amplicon dilutions were prepared and used in the ligase reactions. The product of the separate ligase reactions was assessed in 10 separate qPCR tests using identical running conditions on the same day to assess repeatability; two separate qPCR tests were performed per day, using identical running conditions for 5 d (i.e., a total of 10 tests) to assess reproducibility. The relative standard derivation (RSDr) of C q values was calculated using Microsoft Excel. For calculation of the LOD and LOQ, ligase reaction products of the lowest quantifiable dilution of the amplicon were assessed in 10 separate qPCR tests for each LDR probe using the same qPCR conditions in 30 cycles on the same day. Three and 10 multiples of the RSDr of C q values correspond to the LOD and LOQ, respectively.
Assessment of overall assay performance
The acceptance criteria of the efficiency, linearity (R 2 ), sensitivity (LOD and LOQ), selectivity, and repeatability parameters were evaluated according to the following European Network of GMO Laboratories (ENGL) guidelines: 39 the slope of the regression curve should be between -3.6 and -3.1; the efficiency should fall within 80-120%; the RSDr value of repeatability/reproducibility should be less than 25%; the RSDr value for the LOQ should be less than 1/10th of the target concentration, and that for the LOD should be less than 1/20th of the target concentration.
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Results
In this study, we aimed to identify 255 Exophiala isolates, including 57 reference isolates registered in CBS/GenBank, using RCA and LDR methods that do not involve DNA sequencing. The ITS1-5.8S-ITS4 regions of the isolates were amplified and the amplicon lengths were determined to be 600-700 bp (Fig. 2) . When the nucleotide differences between the sequences were analyzed based on the previously obtained ITS1-5.8S-ITS4 sequencing data for the study isolates and the sequence data retrieved from the GenBank database, a 5.8-18.6% (28-93 nucleotides) difference was observed among the species. 40 For probe design, the ITS1 region was targeted in E. xenobiotica, E. heteromorpha, and E. crusticola, and the ITS2 region was targeted in E. dermatitidis and E. phaeomuriformis.
RCA ligation and amplification reactions
Lane smears were observed after electrophoresis of the reaction products (Fig. 3) . Because "ladder-like" patterns were not apparent, we concluded that the probe hybridized to the target with low efficiency. The total number of strains used for evaluating the RCA probes, and the sensitivities and specificities of all reactions are summarized in (Fig. 3) .
LDR ligation and amplification reactions
Ten probes that targeted the five Exophiala species were used in LDR ligase reactions. The LDR probes comprised two 40-45-base oligonucleotides that incorporated universal regions, and the ligase and amplification reactions yielded 80-95-bp products depending on the target species. Because the generated LDR bands were close to those of any of the possible oligonucleotide dimer products, the bands considered indicative of the LDR reaction were confirmed by DNA sequencing. The general amplicon concentration range for LDR probes targeting different species was between ∼70 ng/μl and ∼6 pg/μl: the probe concentration was 0.2-1 pmol/μl, and the primer binding time was 2 min, with the reaction proceeding over 10 cycles.
The total number of strains used for evaluating the LDR probes, and the sensitivities and specificities of all reactions are summarized in Table 3 . No false-positive or falsenegative results were detected for any LDR probe except EdLDR among the reference isolates. Two false-negatives (CBS 139118 and CBS 139120) and one false-positive (CBS 139126) were detected among the reference isolates targeted with EdLDR probes. In addition, 10 false-negatives and eight false-positives (E. phaeomuriformis, n = 7 and E. xenobiotica, n = 1) were detected among the nonreference isolates (Figs 4 and S1a). No false-negatives or falsepositives were detected among the reference isolates evaluated with the EpLDR probes; however, 12 false-negatives were detected among the non-reference isolates (Figs 4 and S1b). No false-negatives or false-positives were detected among the analyzed reference and nonreference isolates with the EhLDR probes (Figs 4 and S1c). Moreover, one false-negative was detected among the nonreference isolates with EcLDR probes, whereas no false-negatives or false-positives were detected among the reference isolates (Figs 4 and S1d). In ExLDR analyses, no false-negatives or false-positives were detected among the reference and nonreference isolates (Figs 4 and S1e).
Evaluation of the performance of LDR oligonucleotides
Performance evaluations were based on 30 qPCR cycles, using the selected reference strains (see Methods; Figs S2-S4). No LDR oligonucleotides met the acceptance criterion for slope; however all oligonucleotides met the linearity, repeatability, reproducibility, and LOD/LOQ criteria. The results are summarized in Table 4 .
Discussion
In this study, we aimed to develop a method for the rapid and inexpensive identification of Exophiala species using ligase-dependent probe amplification assays, RCA and LDR. We observed high probe sensitivity (100%) when targeting reference Exophiala strains using the designed RCA probes; however, the probes were not sufficiently specific (3.7-88.6%), which was associated with pronounced crossreactivity among the tested species. The likely reason contributing to the wide disparity in specificity values is the uneven number of reference strains tested for each species. When the number of strains of each species was normalized by assuming equality, the specificity range was 25-50%. Although RCA performed very poorly in the present study, previous studies successfully identified black yeastlike fungi using RCA but did not report the sensitivity and specificity of the assays. 13, 22, 23 Interestingly, we used the same protocols and same probe designs as these previous studies, with the only differences being the study strains and targeting sequences adopted. These discrepant results therefore highlight certain limitations of the RCA method. Although PCR/qPCR methods were used in conjunction with the barcode primers designed for the identification of Exophiala species, 4 a satisfactory specific barcoding approach has not yet been developed because the nucleotide differences among chaetothyrialean fungi are quite low, especially in the ITS region. 41 The performance of the LDR method, which is similar to RCA in terms of the reaction conditions and probe design, was also examined in this study with respect to its accuracy and possible limitations for identification and discrimination of Exophiala species. Our data show that the targeted species could be identified in LDR reactions with high sensitivity (88.7-100%) and high specificity Table 3 . Study isolates, and sensitivity and specificity for each RCA and LDR probe. (93.9-100%). E. phaeomuriformis was consistently identified using the LDR/PCR method and could be precisely distinguished from the two taxonomically closely related species, E. dermatitidis and E. heteromorpha, when the amplicon concentration was sufficiently high. Thermophilic E. dermatitidis and E. phaeomuriformis species are most frequently isolated in extreme habitats associated with human activity (e.g., dishwashers), and they often share the same habitat; 26, 27, [29] [30] [31] [32] [33] therefore, it is highly relevant that these species can be identified using LDR/PCR probes. Reactions containing the EdRCA/EdLDR and ExRCA/ExLDR probes targeting the same sequences were evaluated with the two methods, demonstrating that the LDR probe reactions were much more specific than the RCA probe reactions conducted under the same reaction conditions. To our knowledge, this is the first study to directly compare the effectiveness of the RCA and LDR methods. We also found that the LDR method was more affordable than the RCA method (1-2$ vs. 4-5$/test, respectively) and was also more reliable in terms of practicality and sensitivity/specificity. In contrast to Najafzadeh et al., 13 we suggested that RCA is not a reliable and inexpensive method for the identification of Exophiala spp. and should not be recommended for clinical laboratory use. Although it has been reported that thermostable DNA ligases possess high discriminatory power with respect to mispairs in the ligation region, the accuracy of this discrimination has also been shown to be dependent on the targeted discriminative nucleotides. 42, 43 In general, ligases can more efficiently discriminate purine-purine mispairs than pyrimidine-pyrimidine and purine-pyrimidine mispairs. 42 In this regard, it has been suggested that these enzymes can make errors in discriminating among purine-pyrimidine or pyrimidine-pyrimidine mispairs (G:T, G:G, C:C, A:G, C:T, and T:C), which results in high background signals. 42 Lohman et al. 43 reported that the background signals in a reaction catalyzed by Taq DNA ligase could be effectively reduced after optimization of certain reaction parameters such as temperature, pH, and monovalent cation concentrations (KCl) that prevent mispairing in the ligase reaction. Moreover, it was also reported that the presence of more than four identical nucleotides within the discriminative probe was important for improving the specificity of the ligase reaction. 44, 45 In the current study, SYBR Green-based qPCR was used for evaluation of the performance and validation of the LDR method. Considering the ENGL reference guidelines, the EhLDR probe performance was closest to the standard curve quality criteria (slope: 3.647, R 2 :
0.999, efficiency%: 88%), followed by EcLDR, EdLDR, EpLDR, and ExLDR. When the validation parameters of repeatability and reproducibility (RSDr range: 1.7-8%) were considered, the LDR for each probe was within the ENGL limit values. 46, 47 The products of the ligated ExLDR probe were detected at a higher C q value (23-25) than those of the other LDR probes. Although the sensitivity and specificity of this probe were high, a smaller amount of ligated product of the ExLDR probes appeared to be generated compared to those of other LDR probes under the same ligase reaction conditions. Therefore, the standard curve with the ExLDR probe could only be generated based on three amplicon concentrations in 30 qPCR cycles because sufficiently accurate linearity could not be obtained when the amplicon concentration was below 6 ng/μl. When ligase-based probe amplification methods are compared with other nucleic acid-based methods, the basic knowledge of optimization parameters, from primer design to the reaction conditions and target sequence features, is not sufficient for designing a successful LDR assay. Although ligase-based probe amplification methods are routinely used, and a commercial kit (MRC-Holland, MLPA R ) 48 was developed for the detection of mutations in genetic diseases, no commercial product is currently available for the detection of pathogenic microorganisms or species discrimination in medical microbiology. Thermophilic E. dermatitidis and E. phaeomuriformis are often isolated together with Candida parapsilosis and Magnusiomyces/Saprochaete clade from household dishwashers. 26, 27, 31, 33 Although beyond the scope of this study, once the LDR/qPCR method is adequately optimized, it might be developed for the unequivocal targeting of E. dermatitidis and E. phaeomuriformis species directly from the genomic DNA pool extracted from samples. This would eliminate the need for conducting time-consuming and labor-intensive fungal culture, especially for samples collected from highly selective environments such as dishwashers. Conclusively, LDR performed much better than RCA as an alternative to DNA sequencing. The main advantage of the LDR method is that it may be applied to differentiate cryptic species without the need for sequence analysis by targeting "difficult" DNA regions that only differ with respect to a few bases. Although the optimization requirement would increase the reaction costs, once an optimized and highly specific LDR probe is developed, examination of numerous samples using the LDR method will become more affordable than sequencing-based identification. Its potential applications in routine screenings in both research and clinical laboratories make this method even more relevant.
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